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Can cocoa agroforestry restore degraded soil structure
following conversion from forest to agricultural use?
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Abstract Alternating degradation and restoration
phases of soil quality, as is common in crop-fallow
systems, can be avoided if the restorative elements of
trees and forests can be integrated into productive
agroforestry systems. However, evidence for the
hypothesis of ‘internal restoration’ in agroforestry is
patchy and the effectiveness may depend on local
context. We investigated to what extent cocoa (Theo-
broma cacao, L.) agroforestry can recover soil struc-
ture and infiltration in comparison to monoculture
systems across the Konaweha Watershed, Southeast
Sulawesi. We compared soil organic carbon, fine root
length and weight, soil aggregate stability, macrop-
orosity and infiltration from three soil layers at five
land use systems: i.e. degraded forests, 9—14 years old
of complex-cocoa agroforestry, simple-cocoa agro-
forestry, monoculture cocoa and 1-4 years old annual
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food crops, all with three replications. In general, roots
were concentrated in the upper 40 cm of soil depth,
contained of 70% and 86% of total fine root length and
weight. Compared to simple agroforestry and cocoa
monoculture, complex agroforestry had greater root
length and weight in the topsoil, even though it
attained only half the values found in degraded forests.
Higher root density was positively correlated to soil
organic carbon. In upper soil layers, complex agro-
forestry had slightly higher soil aggregate stability
compared to other agricultural systems. However, no
significant difference was found in deeper layers.
Complex agroforestry had higher soil macroporosity
than other agricultural systems, but not sufficient to
mimic forests. Degraded forests had two times faster
steady-state soil infiltration than agricultural systems
tested (13.2 cm h™! and 6 cm h!, respectively),
relevant during peak rainfall events. Compared to
other agricultural systems, complex agroforestry
improves soil structure of degraded soil resulting from
forest conversion. However, a considerable gap
remains with forest soil conditions.

Keywords Soil organic matter - Root density -
Aggregate stability - Macroporosity - Infiltration

Abbreviations
CAF  Complex cocoa agroforestry
CM Cocoa monoculture

CR Annual food crops
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DF Degraded forests

D,, Dry weight of fine roots per volume of soil
L. Length of fine roots per volume of soil
LUS Land use systems

MWD Mean weight diameter

SAF Simple cocoa agroforestry

SOC  Soil organic carbon

Introduction

Once the litter layer and protective canopy cover of
natural vegetation is removed by clearing land for
agriculture, tropical soils are exposed to sunshine and
harsher micro climatic conditions such as higher
temperatures, lower relative humidity and lower soil
moisture due to greater insolation (Hoffmann 2003).
These unfavourable conditions combined with
changes in litter quality and quantity allow the rapid
disappearance of any new surface litter. Litter with
high quality (low C/N or lignin/N) has faster decom-
position rates compared to low litter quality (high C/N
or lignin/N) (Chae et al. 2019). Faster litter decom-
position combined with a lower root density and
turnover could reduce the organic matter (Hairiah
etal. 2006), and lead to anthropogenic soil degradation
(Lal 2015). The decline of soil organic matter is often
linked to several soil functions such as presence and
activity of soil biota, soil structure, water and nutrient
availability (Fig. 1). Soil organic matter is also
considered to be a key characteristic in judging soil
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Fig. 1 Conceptual diagram of soil degradation and restoration
caused by different land use systems
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quality (Martinez-Salgado et al. 2010) and land use
system sustainability (Lal 2015).

In swidden-fallow systems, as the origin of nearly
all agriculture, an alternation of crop production,
resulting in soil degradation, and soil recovery in a
fallow vegetation of lower direct use value is common
(Sanchez 2019). However, such alternating net degra-
dation and restoration phases of soil quality can be
avoided if the restorative elements of forests can be
integrated into productive agroforestry systems (Pinho
et al. 2012; van Noordwijk 2019). Tree diversity can
ensure an appropriate range of rooting patterns for
better soil exploration, interactions with soil structure
and biota, and litter input to provide such functions
(Ordonez et al. 2014; van Noordwijk et al. 2015).
Nevertheless, the hypothesis on ‘internal restoration’
in agroforestry has not been widely accepted yet, as
the evidence is patchy and remains unclear (Barreto
et al. 2010; Norgrove and Beck 2016; Schroth et al.
2001). Effectiveness may depend on local context and
circumstances (Arévalo-Herndndez et al. 2017;
Zamora and Udawatta 2016).

Cocoa (Theobroma cacao L.), as a neotropical
understorey rainforest species, initially planted in the
shade of remnant forest trees (Rice and Grismer 2010)
and subsequently planted with non-native trees such as
nitrogen-fixing legume (Rajab et al. 2018) as well as
timber and fruit trees in the form of agroforestry.
Nevertheless, with progress in selection of ‘full-sun’
genotypes (Obeng and Aguilar 2015) due to the fear of
yield losses caused by competition between crop and
shade trees (T'scharntke et al. 2011), cocoa is one of the
tree crops that mixed agroforestry systems are being
replaced by intensive monocultures as a land sparing
technique (Vaast and Somarriba 2014). However,
negative effects on soil conditions, risks of diseases
and greater vulnerability to climate extremes may all
point towards a return to partially shaded, mixed
agroforestry systems as the more sustainable choice.
Therefore, more evidence is needed to judge both the
urgency (soil quality decline under monocultures) and
opportunities (improvement of soil conditions by
inclusion of other trees) in cocoa production.

During its top production year of 2010, Indonesia
was the worlds’ second cocoa producing country,
behind the Ivory Coast. However, while production in
other countries continued to increase, Indonesian
production has since declined, with national data for
2010 and 2017 indicating 0.844 and 0.530 M tonnes
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per year, respectively (FAO 2017). The declines in
cocoa productivity, quality and consistency in Sula-
wesi, as the main cocoa producer area in Indonesia, are
due to several interacting factors (Neilson 2007),
including the infestation by pest and diseases, low
quality of planting materials, insufficient post-harvest
handling and the decline of soil fertility.

The main objective of this study was to investigate
whether agroforestry systems can restore degraded
soil structure relative to monoculture systems. A
comparative study at the plot level was carried out in
Konaweha Watershed, where different cocoa man-
agements (agroforestry and monoculture), crop mono-
culture and remnant forests were presented under
similar climatic and soil condition. We investigated
the vertical distribution of fine root (< 2 mm), soil
organic carbon, soil aggregate stability and soil
macroporosity as well as soil infiltration on the five
different land use systems. We aimed to test the
hypotheses that (1) vertical distribution of fine root
increases with increasing tree diversity through agro-
forestry, (2) increasing fine root distribution results in
higher soil organic carbon, as fine roots are one of the
sources of soil organic matter in the soil after
decomposed. We further hypothesized that (3) the
higher root distribution and soil organic carbon due to
more complex land use systems results in stronger soil
aggregate stability and higher proportion of soil
macropore. Finally, we expected that (4) soil infiltra-
tion is higher in complex land use systems (degraded
forests and agroforestry) compared to monoculture
cocoa and crop systems. This study complements the
analysis by Wartenberg et al. (2017) on changes in soil
microbial activity and soil fertility, and Sari et al.
(2020) on tree diversity and carbon stocks in the same
range of land use systems.

Materials and methods
Description of the study area

The study was conducted in the Konaweha Watershed,
located in Konawe district, Southeast Sulawesi,
Indonesia. The average annual precipitation is
1500-1900 mm, with the daily temperature
24-31 °C (a detailed description of the study area is
provided in Sari et al. (2020)). Based on the map
provided by FAO-UNESCO (1979), soil in the

mountainous area is dominated by weathered orthic
acrisols, while in the valley and floodplain is domi-
nated by dystric fluvisols. On the basis of land use
change analysis, three villages including Asinua Jaya,
Wonuahoa and Lawonua were selected to represent
the whole watersheds. Villages were selected for their
opportunity to compare the desired range of land uses
and otherwise sample the existing geographical and
ecological variation in the catchment.

All field activities such as identification and
characterisation of plots, soil and root sampling, and
soil infiltration measurement were conducted from
March to May 2014. The measurements were made in
five land use systems with three replications (total of
15 plots). The five selected land use systems (LUS) are
as follows: (1) degraded forests (DF) as a control, (2)
complex agroforestry (CAF), multistrata cocoa with
fruit and timber trees as well as nitrogen fixing shade
trees (Gliricidia sepium), (3) simple agroforestry
(SAF), cocoa with mainly Gliricidia sepium as a
shading tree and/or fruit trees, (4) full sun “monocul-
ture” cocoa (CM) and (5) annual food crops (CR) of
maize (Zea mays), groundnut (Arachis hypogea), and
patchouli (Pogostemon cablin). Each cocoa-based
system was represented by three different farmer’s
plots, with plots of each cocoa treatment located in
each of three villages (Table 1). Degraded forest and
annual food crop plots were also located in those
villages. As a control treatment, we chose degraded
forests instead of natural forests due to plot accessi-
bility. In this study we used the FAO term defining the
forest degradation as: “changes within the forest
which negatively affect the structure or function of the
stand or site, and thereby lower capacity to supply
products and/or services” (Schoene et al. 2007). In this
particular region, degraded forests are relatively open
forests mainly resulted from human activities such as
overexploitation of forest trees for timber and fuel-
wood. Degradation results in a reduction in biomass,
and changes in tree species composition, structure and
productivity compared to natural forest type expected
on this site.

As an operational definition for simple agro-
forestry, we used a relative basal area < 80%, with
five or less other tree species per plot. Whereas
gardens with relative cocoa basal area < 80%, with
more than five tree species were categorized as
complex agroforestry. The gardens with a relative
cocoa basal area > 80% were defined as cocoa
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Table 1 The general characteristics of degraded forests, cacao systems and annual food crop

Land use systems Location® Plot Tree Density, Number of Shannon  Dominant/Codominant tree Soil texture
age Trees ha™' ®  tree index species®
(years) speciesb (H)®
Degraded Forests 1,2, 3 - 1275 28 2.36 Metrosideros petiolata, Silty clay—
(DF) Homalium foetidum silty clay
loam
Cacao Complex 1,2, 3 9-14 1317 18 0.93 Theobroma cacao, Durio Silt loam—
Agroforestry zibethinus, Lansium silty clay
(CAF) domesticum loam
Cacao Simple 1,2, 3 9-14 1267 4 0.58 Theobroma cacao, Gliricidia  Silt loam—
Agroforestry sepium silty clay
(SAF) loam
Cocoa 1,2,3 9-14 900 2 0.24 Theobroma cacao Silt loam—
Monoculture silty clay
(C™M) loam
Annual food crops 1, 2,3 14 — — — — Silt loam
(CR)

“Lawonua (1), Wonuahoa (2), Asinua Jaya (3)
®Sari et al. (2020)

monoculture. We calculated relative cocoa basal area
based on the total tree basal area and the proportion of
this area occupied by ‘cocoa’ trees (Sari et al. 2020).
To measure research variables, we used plots of
20 m x 20 m with a minimum age of cocoa 9 to
14 years and 1 to 4 years old of annual crops. All LUS
were replicated three times (fifteen plots in total). All
the plots were included in the scope of the ‘Agro-
forestry and Forestry in Sulawesi’ (AgFor) project of
the World Agroforestry Centre (ICRAF).

Soil sampling and preparation

We collected disturbed and undisturbed soil samples
from three soil layers of soil profile. The soil layer
depth in all plots averaged 0-21 cm for the first layer,
21-51 cm for the second layer and 52-90 cm for the
third layer. We prefer to use layer boundary, instead of
exact soil depth intervals (i.e. 0-10, 10-20, 20-30, and
so on) to efficiently access the impact of root
distribution on soil organic matter and soil macropore
and aggregate stability throughout the soil profile. This
approach is based on studies which report that
infiltration process is greatly influenced by the exis-
tence of soil layers with low permeability that can
appear in the deeper of soil profile (Chaplot et al. 2011;
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Mahapatra et al. 2020; Saito et al. 2016), and are not
necessarily correlated to the topsoil characteristics.
In each LUS, we collected two sample points within
400 m* plot area. Soil samples from those sample
points were mixed to create soil composite. In total, we
collected 45 composite soil samples (five LUS with
three soil layers and three replications). Composite
samples were air-dried at room temperature, grounded
and sieved at 2 mm and was analysed in Soil Science
Laboratory of Brawijaya University. Disturbed soil
samples were used to measure soil organic carbon
(SOC, %) through Walkley and Black method (An-
derson and Ingram 1994). Undisturbed soil samples
were used to measure soil aggregate stability through
wet-sieving methods and were represented as Mean
Weight Diameter MWD, mm) (Carrizo et al. 2015).

Trenching methods for fine root density
measurement

Fine root samples were collected by using the ‘root
trenching’ method (Suprayogo et al. 2004). Soil pits of
I m x 1 m x 1 m were dug, with crosscuts within
blocks of 20 cm x 10 cm x 10 cm. To separate root
samples from the soil blocks, we placed soil blocks on
two sieves, a 2 mm mesh size at top and a 0.5 mm
mesh size at the bottom and then flushed the sample
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with water. The root samples remained between those
two sieves was then separated from litter and dead
decaying roots by handpicking. Total root length per
volume of soil (L,,, cm cm73) and dried root weight
per volume of soil (D,y, g cm ™) were measured by
using ‘line interception’ method of Tennant (van
Noordwijk et al. 1997) (Fig. 2).

Mapping method for soil macroporosity
quantification

Surface connected soil macroporosity was measured
based on the infiltration pattern of methylene blue
liquid. The methylene blue solution (0.35 g 17" of
water) was applied over a soil surface area of 1 m x
0.5 m and then allowed to infiltrate overnight. The
distributions of methylene blue that appeared on soil
profiles (macropore) were traced on plastic sheets for
vertical sequence of the soil profiles (Suprayogo et al.
2004). These macroporosity maps were scanned and
the total stained area was calculated by using Adobe
Portable Photoshop 7.0 program (Fig. 3). Relative
area stained was then interpreted as the fraction of
surface connected soil macropore within the total soil
volume (Hairiah et al. 2006).

Y ST R S e

SO|I profile dug up and cutted into smaII bIock (20 cm x 10 cm x 10 cm

Soil infiltration

Infiltration rate was measured by using a single ring
infiltrometer (Sahin et al. 2016). The ring infiltrometer
was inserted 15 cm into the soil and filled with water,
after which the speed of water infiltration was
measured until the infiltration rate reached a constant
value (approximately 2-3 h). The infiltration rate was
expressed in terms of the volume of water per ground
surface and per unit of time (cm hfl). Infiltration rate
was determined from three measurement points for
each plot (total of 45 measurements in all plots).
Steady state infiltrability was afterward estimated by
means of curve fitting to Horton’s equation using
SigmaPlot 2001 v7 software.

Statistical analysis

To evaluate the effect of different LUS, soil depth and
their interaction with various research parameters, we
used the general analysis of variance (ANOVA) of
Genstat Sixteenth Edition (VSN International Ltd,
United Kingdom). An exceptional was the soil infil-
tration analysis, which was measured only at the soil
surface, and therefore the model analysis included
only the fixed effect of LUS. Statistical differences
were declared significant at oo = 0.05 level. When an

T & S

Total root Iength (Lrv, cm cm3) and dr|ed root welght :
(Drv, g cm3) mea_ns_ured using Tennant method

} Root sample separated from sonI and litter

Fig. 2 Fine root sampling procedure using the ‘root trenching’ method; measuring dried root weight (D,,) and total root length (L)

per volume of soil using ‘line interception’ method
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d with methylene blue liquid for a day
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Fig. 3 Surface connected soil macroporosity quantified based on infiltration pattern of methylene blue dye

ANOVA test rejected the null hypothesis of homo-
geneity, the mean parameters values of the various
LUS in every soil depth/layer were compared accord-
ing to the Fisher’s Protected LSD (p < 0.05). The
boxplots were constructed by using ‘geom_boxplot’
function from ‘ggplots2’ package in R. To explore the
relation between roots and soil characteristics, we
performed stepwise regression routines using linear
model. Model were fitted using ‘Im’ function from
‘stats’ package in R.

Results
Fine root density

Overall, more than 70% of the total root length (L,,)
and 86% of root dry weight (D,,) were concentrated in
the upper 40 cm of the soil (Fig. 4a, b). We found a
significant difference in L,, between LUS and soil
depth, but not with the interaction between LUS and
soil depth (Table 2). The large variation of L,, values
found in the first 10 cm of soil did not reveal
statistically significant differences between LUS. At
a depth of 10-20 cm, degraded forests had the highest
L,,, followed by complex agroforestry, annual crop
field, simple agroforestry, and the lowest is in cocoa
monoculture. At a soil depth of 20-80 cm, there was
no significant difference between the four agricultural
systems, while at a depth of 60-70 cm, we observed
that cocoa monoculture had a 61% higher L.,
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compared to other agricultural land use systems, even
though degraded forests had the highest value overall.
Similarly, results for root length, D,, differed
significantly between LUS, soil depth and the inter-
action between LUS and soil depth (Table 2). The
average D,, in the upper 0-40 cm of degraded forests
was 4 times higher than in agricultural systems.
Meanwhile, among agricultural systems, complex
agroforestry had the highest D,,, followed by annual
crop fields, simple agroforestry and cocoa monocul-
ture. At a depth of 60-70 cm, cocoa monoculture had a
D,, that was equivalent to that in degraded forests and
five times higher than that of other agricultural
systems. D,, was higher in cocoa monoculture than
in other agricultural systems below a depth of 40 cm.
By combining root density and Shannon—-Wiener
index (H’) from Sari et al. (2020), we found a positive
correlation among those parameters (Fig. 5).

Soil organic carbon and its correlation to root
density

The average of SOC concentration in the topsoil was
1.1% across land use systems, and this number
decreased significantly by a third and a half for the
second and third soil layer, respectively. However,
there were no statistical differences in SOC between
LUS and the interaction between LUS and soil layer
(Fig. 6, Table 2). We found a noticeable improvement
of SOC in the simple agroforestry systems at all soil
layers. Meanwhile, in complex agroforestry systems,
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Fig. 4 LogL,, (a)and log D,, (b) boxplot distribution across degraded forest (DF), complex agroforestry (CAF), simple agroforestry
(SAF), cocoa monoculture (CM) and annual crop (CR) systems

SOC was only improved in topsoil layer. We further
observed a positive correlation between SOC and L,
and D,, (Fig. 8a, b).

Soil aggregate stability and macroporosity and its
correlation to soil organic carbon

Overall, the MWD of aggregates in the topsoil layer
was 59% higher than that in the second and third soil
layers (Table 2). Differences of MWD across all land
use systems were statistically significant only in the
topsoil layer. MWD in degraded forests was 31% to
52% higher than that of annual crop fields, cocoa
monoculture, simple agroforestry and complex agro-
forestry (Fig. 7a).

We found a significant different on soil macrop-
orosity between LUS, soil layers and the interaction
between LUS and soil layers (Table 2). The average of
surface connected soil macroporosity was 80% higher
in the topsoil (14.5%) than in the lowest soil layer
(3.2%). Differences in plot management had a signif-
icant effect on soil macroporosity in the first and third
soil layer. In the topsoil, degraded forests had a 32%,
54%, 66% and 67% higher soil macroporosity than
what were found in complex agroforestry, annual crop
fields and cocoa monoculture and simple agroforestry,
respectively (Fig. 7b). Meanwhile in the third soil
layer, complex agroforestry had a higher macroporos-
ity compared to other agricultural systems, and even
equal to degraded forests. We found that the increase
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Table 2 Results of a
general linear model
analysis examining the
changes in root and soil
parameters in different soil
layers along five various
land use systems in
Southeast Sulawesi,
Indonesia

df (degrees of freedom), L,
(total root per volume of
soil), D,y (dried root weight
per volume of soil), SOC
(soil organic carbon
content), MWD (mean
weight diameter, is measure
of mean soil aggregate size)

Significant p values are
displayed in bold,

*Ep < 0.001, **p < 0.01,
*p <0.05, p<0.1

Response variables Explanatory variables df p value
L. (cmcm™) Reps 2 0.867
LUS <.007%#%*
Soil Depth 7 <.001%***
LUS*Soil Depth 28 0.485
D, (g cm73) Reps 2 0.947
LUS 4 <.001%%%*
Depth 7 <.001%%*
LUS*Soil Depth 28 <.001#%*
SOC (%) Reps 2 0.24
LUS 4 0.39
Soil Layer 2 <.001%*%**
LUS*Soil Layer 8 0.976
MWD (mm) Reps 2 0.794
LUS 4 0.014*
Soil Layer 2 <.001%%*
LUS*Soil Layer 8 0.869
Soil macropore (%) Reps 2 0.174
LUS 4 <007 %%
Soil Layer 2 <007 %%
LUS*Soil Layer 8 <.001%%*
Soil infiltration (cm hour™ ") Reps 2 0.001**
LUS 4 0.002%%*

Dn, g cm
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Fig. 5 Linear regression analysis between Shannon—Wiener diversity index (H’) from the same research plots by Sari et al. (2020) with
D,, (a) and L., (b) confirmed that practicing agroforestry in cocoa-based systems could increase root density

of shade tree diversity in complex agroforestry could
produces 5.6 times higher macroporosity in deeper soil

layer compared
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to other

agricultural systems.

Furthermore, we observed a positive relation between
SOC and MWD and macroporosity (Fig. 8c, d).
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Soil infiltration and its correlation to soil aggregate Discussion

stability and macroporosity

We created the infiltration curves using the soil
infiltration field data after fitting the data in the Horton
equation. The infiltration curves of each LUS show
similar patterns (Fig. 9). The infiltration rates started
to plummet from the initial time measurement and
began to show a constant rate after 30 min. The
difference of LUS had a significant effect on steady
state soil infiltration, with degraded forests having the
highest rate (Fig. 10, Table 2). Across agricultural
systems, however, the infiltration rate was not signif-
icantly different with average of 6 cm h™'. We found
that integrating more tree species through complex
agroforestry only slightly improved the soil infiltra-
tion. Linear regression analysis has found a significant
positive impact of increasing macroporosity
(Fig. 11b) to soil infiltration, but not with MWD
(Fig. 11a).

Incorporating shading trees through agroforestry
increases fine root density

In our first hypotheses, we expected that the increase
of tree diversity through agroforestry could improve
the vertical distribution of fine root. Indeed, by
combining tree diversity index from the same sam-
pling sites from Sari et al. (2020) and current root data,
we found that incorporating shade trees through
complex agroforestry and simple agroforestry were
positively associated to L., (R2 =0.37) and D,
(R? = 0.24) (Fig. 5a, b). This assertion supported by
Rajab et al. (2018) which explained that the presence
of shade trees in agroforestry systems resulted in
higher stem densities and aboveground biomass which
could increase root biomass over unshaded
monocultures.

However, the low coefficients of determination in
Fig. 5a, b indicated that higher tree diversity was not
the sole influencing factor for higher root density. We
assumed that high organic deposit at topsoil in
agroforestry systems originating from aboveground
sources (leaf litter and understorey) and belowground
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sources (root turnover and soil organism activity)
could improve the nutrient availability after decom-
position. The abundance of nutrients in the topsoil in
mixed systems could trigger competition among trees
for resources acquisition, and as a mitigation effort
trees will localise the root growth as well as increase
its rate resulting in higher L., and Dy,. This might also
explain the slight decreases gradient of root density on
cocoa monoculture along with the soil depth as a
complementarity form of these systems in acquiring
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limited nutrients at topsoil. Borden et al. (2019) found
that cocoa fine root distribution in mixed systems with
Entandrophragma angolense and Terminalia ivoren-
sis was concentrated in shallow soils compared to
cocoa monoculture. However, at the fine scale of
individual roots it was not easy to separate competitive
(resource depletion) and facilitative (organic deposi-
tion) effects in monospecific and mixed stands (Bor-
den et al. 2019; Mommer et al. 2016).
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Fig. 9 Soil infiltration curve across degraded forest, complex
agroforestry, simple agroforestry, cocoa monoculture and
annual food crop systems. The infiltration curve derived from
the average of field measurements data after fitted in Horton
equation

On the other hand, the average of fine root density
(Ly and D,,) produced by the annual crop system was
not significantly different from that of cocoa-based
systems which concentrated in the upper soil layers

Fig. 10 Boxplot distribution of steady state infiltration across
degraded forest (DF), complex agroforestry (CAF), simple
agroforestry (SAF), cocoa monoculture (CM) and annual crop
(CR) systems (9a) and linear regression analysis between soil
macropore (9b) and mean weight diameter (9c) with soil
infiltration

and decreases with soil depth. This condition was in
line with research by Gao et al. (2010) which found
that the fine root lengths of maize and soybean plants
were mainly distributed in the 0-30 c¢m of the soil layer
and continue to decrease with soil depth. However,
this does not mean that the total root biomass produced
was equal, as the root class observed in this study was
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Fig. 11 Linear regression analysis between soil infiltration and
MWD (a) and soil macroporosity (b)

only fine roots (d < 2 mm), whereas with trees large
roots (d = 2-5 mm) and coarse root (d > 5 mm) were
excluded.

Increasing fine root distribution positively
correlated to soil organic carbon

Even though the increasing of shading trees in cocoa
based system did not have a significant effect on soil
organic carbon, as it was found in this research as well
as in the study of Wartenberg et al. (2017), the
increasing of fine root distribution alongside with tree
diversity was positively correlated to soil organic
carbon (Fig. 8a, b). The combination of cocoa with
Gliricidia sepium in simple agroforestry were associ-
ated with a noticeable increases of soil organic carbon
in deeper soil layer compared to other cocoa based
systems. Similarly, the increasing of tree diversity
(combinations of fruit and timber trees) in complex
agroforestry slightly improved soil organic carbon at
topsoil, but with no effect on deeper soil layers. This
result was agreed with that by Rajab et al. (2018)
which stated that the fine root turnover of the
Gliricidia sepium shade trees in agroforestry system
was high particularly in the deeper soil layers and
significantly exceeded the turnover rate of cocoa trees.
In contrast, the shade trees in the cocoa multi plot had
an only slow fine root turnover, which was signifi-
cantly less than that of the cocoa trees.
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The total soil carbon concentration in monoculture
cocoa was as high as that in other tree based systems.
Even though the aboveground biomass from tree, as
one of the primary sources of organic matter, was only
12%, 67% and 65% relative to degraded forests,
complex agroforestry and simple agroforestry, respec-
tively (Sari et al. 2020). Obalum et al. (2017)
suggested fractionation of soil organic carbon could
reveal more subtle differences in active fractions
where total organic carbon is dominated by stable frac-
tions. In the long run, the decline in total biomass
production (aboveground and belowground) after
forest conversion to agricultural systems may have
the potential to reduce soil organic matter content.
However, among the agriculture systems, the total
biomass production of agroforestry (simple and com-
plex) proved to be higher than monoculture systems so
that over time soil organic carbon could incrementally
increase or at least be maintained.

Higher soil organic carbon improves aggregate
stability and soil macroporosity

The level of soil aggregate stability and macroporosity
are related to root distribution and soil organic carbon
content due to different land use management (third
hypotheses). Our result showed that the different
MWD across all land use systems was only significant
in the topsoil with the ranges of 0.9 mm to 2.72 mm.
This numbers were relatively high compared to
Wartenberg et al. (2017), where the range values were
0.9-1 mm for forests and 0.7 for cocoa-based systems.
This might be caused by the different number of
samples as well as the different land use ranges
between the studies. However, both studies confirmed
that MWD particularly at topsoil across cocoa-based
system was lower compared to forests. This results
were also supported by Le Bissonnais et al. (2018)
which stated that soil aggregate stability was affected
by land use changes only in surface layers where roots
were most abundant and organic C inputs from leaf
litterfall, and root litter were at the greatest amount.
The difference in land use system had a significant
effect on soil macroporosity for the first and third soil
layers, where average soil macroporosity in the topsoil
was 80% higher compared to the deeper soil layer. The
range of soil macroporosity in this research was 14.5%
to 3.2%, and it 2.6 times higher compared to Hairiah
et al. (2006) that measured the topsoil macroporosity
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of forests and coffee based agroforestry in Lampung,
Indonesia. The macroporosity at the agricultural
system in Sumberjaya only reached 30% relative to
the forests while in this study the difference in
macroporosity was reached 50%.

Practising simple agroforestry system did not
significantly improve soil aggregate stability and
macroporosity, even though it provided high soil
organic carbon concentrations. The combination of
trees with slow litter decomposition rate (which could
help to protect the soil surface and create a better soil
microclimate) and trees with the deep root system
(which could create macroporosity when decom-
posed) in complex agroforestry was probably the best
option to improve the soil physical condition (Hairiah
et al. 2006).

Increasing root density, soil organic carbon,
aggregate stability and soil macroporosity through
agroforestry only slightly improves soil infiltration

Our measurement confirmed that different land use
systems resulted in different infiltration rates.
Degraded forests had soil infiltration rates two times
faster compared to agricultural systems (Fig. 10).
Dense, diverse and evenly distributed root system in
degraded forest soil produced more recalcitrant root
litter that slowly decomposed (Prieto et al. 2016),
which increased the accumulation of soil organic
carbon (Schmidt et al. 2011) leading to the formation
and stabilization of soil transmission pores and higher
infiltration (Vignozzi et al. 2019). The existence of
shade trees in cocoa based agroforestry did only
provide a slightly higher soil infiltration compared to
cocoa monoculture. Similar result was found by
Benegas et al. (2014), where well-managed coffee
monoculture in Turrialba, Aquiares, Costa Rica pro-
vided the same function as agroforestry systems with
respect to the formation of macroporosity and infil-
tration. However, research conducted in Copan River,
Honduras (in the same publication) concluded that the
existence of trees in agroforestry systems was posi-
tively correlated to macroporosity, preferential flow
and infiltrability. Another factor possibly responsible
for lower soil infiltration rates in agriculture systems
might be related to the existence of surface crusting in
agriculture systems due to weak soil aggregate stabil-
ity (Gucci et al. 2012) which merits further
investigation.

The slight improvement of soil quality and infiltra-
tion provided by cocoa agroforestry systems compared
to monoculture might be correlate to the plot age after
conversion to cocoa based systems. The early stage of
this cocoa-based systems (9-14 years old cocoa) in
this research were unable to restore the soil quality
equal to the condition of degraded forests. The
recovery of soil quality in agriculture systems, indeed,
is a slow process. Several studies on management
changes found that the loss of soil organic carbon was
faster than soil organic carbon restoration (asymmetric
response), due to the differences in organic matter
input between restoration and degradation manage-
ments (Jensen et al. 2020). A study by Dawoe et al.
(2014) revealed that soil quality deteriorated signifi-
cantly in 3 year old cocoa systems, but only started to
improve in 15 and 30 year old cocoa systems. Based
on the positive trend showed on Fig. 10, however, the
application of complex agroforestry, with time, poten-
tially could provide a faster soil infiltration compared
to other agriculture systems. Further study should
investigate the long-term effect of agroforestry prac-
tices on soil quality, environmental services and land
productivity.

Conclusions

Compared to simple agroforestry and cocoa mono-
culture, integrating a diverse combination of tree
species in complex cocoa-based agroforestry systems
significantly improved root density in the topsoil layer,
even though only half of that in degraded forests.
Practicing simple agroforestry significantly increased
the soil organic carbon, particularly in deeper soil
layer, whereas complex agroforestry only marginally
improved soil organic carbon at topsoil compared to
monoculture cocoa. Soil aggregate stability in
degraded forests was higher compared to annual crop
fields and simple agroforestry; while in complex
agroforestry, soil aggregate stability in topsoil was
within the confidence interval of measurement in
degraded forests. Our study also highlighted that
complex agroforestry recovered soil macroporosity
better compared to other agricultural systems and
impressively equal to degraded forests, particularly in
the subsoil. Hence, complex agroforestry had slightly
higher infiltration compared to other agricultural
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systems, even though still unable to achieve the soil
infiltration rates of degraded forests.
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